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Abstract
Background: Birth weight is known to fluctuate with season of birth, however, there
is little information about seasonal variation in neonatal anthropometric measures.
Aims: The aim of this study was to examine seasonal fluctuations in birth weight and
selected anthropometric measures.
Study design and subjects: The birth weight of singletons born after at least 37
weeks gestation was extracted from a perinatal register in south-east Queensland
(n=350,171). Mean monthly birth weights for this period were examined. Based on a
separate birth cohort, principal component analysis was undertaken on neonatal
anthropometric measures (n=1233). Seasonality was assessed by (a) spectral
analysis of time series data, (b) monthly and seasonal comparison of outcomes.
Results: Based on register data, birth weight displayed clear annual periodicity. Birth
weight differed significantly when compared by month and season. Infants born in
October were the heaviest (3484 g), while May-born infants were the lightest (3459
g; P=0.001). Based on the cohort anthropometric data, three components were
identified related to (a) overall size, (b) limb length, and (c) head size and skin-fold
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www.elsevier.com/locate/earlhumdevthickness. Each of these components displayed significant seasonal variation. In
particular, prominent seasonal fluctuations in limb length were identified, with peak
limb length associated with winter/spring birth.
Conclusion: Environmental factors that have regular seasonal fluctuation influence
both the size and shape of neonates. Animal experiments suggest that prenatal
hypovitaminosis D may underlie greater limb length. Because birth weight and limb
length are associated with a broad range of important health outcomes, the seasonal
exposures underlying these effects warrant further scrutiny from a public health
perspective.
D 2005 Elsevier Ireland Ltd. All rights reserved.
1. Introduction
Birth weight has long been acknowledged as an
important measure of neonatal health [1]. In
addition to providing insights into prenatal devel-
opment, this variable is known to be associated
with a wide range of important cognitive, beha-
vioural and health outcomes in infancy, childhood
and adulthood. For example, even within the
normal range of birth weights, heavier birth weight
has been associated with superior neurocognitive
outcomes in several cohort studies [2—6]. There is
accumulating evidence linking birth weight and
wide range of chronic, adult-onset disorders [7,8].
In addition to birth weight, features of body
shape at birth have been explored in order to
determine if certain neonatal phenotypes are (a)
associated with particular types of prenatal expo-
sures [9] and (b) with particular types of adult
disorders [10]. The mechanisms of action underly-
ing shape at birth are far from resolved [11,12].
However, there is agreement that we need to
generate candidate exposures that contribute to
neonatal shape and size and explore research
designs that may help fractionate factors influenc-
ing developmental pathways [13].
Clearly, body shape and birth weight are
influenced by a complex matrix of genetic and
epigenetic factors operating on the maternal—
fetal unit. Twin studies are one type of dnatural
experimentT that allows us to tease apart genetic
and environmental components contributing to
variations in neonatal measures [14]. Season of
birth studies are another type of natural exper-
iment that can help generate candidate environ-
mental factors. Certain exposures tend to
fluctuate in a regular fashion within the year,
while, at the group level, other environmental
and genetic factors remained relatively stable.
Thus, if seasonal fluctuations are linked to an
outcome, then they can help generate new
candidate exposures.
Most, but not all, studies of season of birth and
birth weight have reported that winter and spring
births tend to be slightly heavier and slightly longer
compared to summer and autumn births. For
example, Selvin and Janerich [15] examined birth
weight in a sample of 1,524,229 infants born in New
York State exclusive of New York City. They found
that babies born in summer months (June, July and
August) had the lowest birth weights in the year
while those born in March, April and May (Spring)
had the highest birth weight.
Roberts [16] reported on a general sample of
43,141 births in Hong Kong (latitude 22.2 N), there
was a significant within-year fluctuation, with peak
birth weight in March (early spring) and a nadir in
August (late summer). Matsuda and colleagues
[17] examined seasonal fluctuation in birth weight
in a large sample of singletons from Japan
(n=16,796,415). Significant annual periodicity was
identified, with peak birth weight found in May
(spring). In a large Danish study (n=1,166,206),
annual fluctuations in both birth weight and birth
length were confirmed [18], with peak birth length
found in April (spring).
Based on the Dunedin birth cohort (latitude
45.5S), Waldie and colleagues [19] reported annual
periodicity in both birth weight and birth length
with peak values for both measures occurring in the
southern Hemisphere winter and spring. In a
sample from Northern Ireland [20], significant
seasonal fluctuations in birth weight were found
in singletons born after at least 36 weeks of
gestation (n=418,817). The lowest birth weights
were found in July (summer) and highest in
February (winter). Not all studies have found a
seasonal fluctuation in birth weight [21], and some
studies have reported paradoxical increased weight
in the summer born [22].
We had the opportunity to explore seasonal
influences on neonatal anthropometric measures
in south east Queensland, a subtropical region in
the southern Hemisphere. Based on the literature,
we predicted that babies born in winter and spring
(i.e., June to November) would be significantly
heavier than babies born in summer and autumn
(December to May). In addition, we predicted
J.J. McGrath et al. 610that those babies born in winter and spring would
be longer compared to summer/autumn born
infants.
2. Methods
The data in this paper were drawn from two
discrete data sets. Seasonal fluctuations in birth
weight were examined in the Queensland Perinatal
Register, which includes all births in public and
private hospitals in south-east Queensland, Austra-
lia (latitude approximately 27 S). Data were
available for a 13-year period (January 1987 to
December 1999). The analyses were restricted to
singleton pregnancies with a gestation of at least
37 weeks. The assessment for seasonal fluctuations
in birth weight involved (a) spectral analyses (using
SAS Proc Spectra) to assess periodicity in the full
time series (in particular, we were interested if
there was a regular twelve month pattern to any
variations over time), (b) visual presentation of the
mean monthly values, and (c) comparisons by
monthly, seasonal (spring=September, October,
November; Summer=December, January, February
etc.), and half-yearly (winter/spring versus sum-
mer/autumn) comparisons.
The detailed anthropometric data were drawn
from a birth cohort (Mater University Study of
Pregnancy; MUSP), the details of which are de-
scribed elsewhere [23,24]. During the period June
1982 to September 1983, additional detailed an-
thropometric measures were collected on a subset
(n=1240) of the 2568 infants recruited into the
main study. Compared to the neonates who did not
get anthropometric assessment, the infants includ-
ed in this study did not differ on sex or birth weight
(data not shown), however, infants in the anthro-
pometric study had slightly longer gestations. The
mean (and standard deviation) for gestation for the
included neonates was 39.9 (1.1) weeks versus 39.8
(1.1) weeks for the other cohort members
(t= 2.76, df=6938, pb0.01).
The anthropometric measurements included
birth weight (in grams), and various distance and
circumference measures (in millimeters), including
two measures related to head size and shape (head
circumference, maximum biparietal distance),
neck—rump length, shoulder and hip width, limb
segment circumference (taken at mid-length on the
left side) measurements of the upper and lower
segments of the arm and leg (left side), chest and
abdominal circumference. Skin fold thickness was
also assessed (in millimeters) for four regions
(subscapular, abdominal, triceps, and anterior
thigh). All anthropometric measures were taken
by one trained nurse following a predefined re-
search protocol. Test—retest reliability for the
anthropometric measures was reported as being
acceptable (least precision for lower limb circum-
ference, subscapular and triceps skin fold measure-
ments) [25].
Figure 1 Time series of mean monthly birth weight, by sex (males are heavier), for singleton pregnancy of at least 37
weeks (male=179,899, female=170,272), with a smoothing spline superimposed.
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variables in an unbiased fashion, we used principal
component analysis [9]. This method identifies
components which are derived weighted averages
of the entered variables that explain as much of the
between-subject variation as is possible. The
components were compared according to month,
season and half-year with Proc GLM (a general
linear model suitable for group comparisons) and
Tukey post-hoc tests, and overall mean monthly
values for the components and the key variables
loading on these components, were inspected for
males and females separately [26].
3. Results
Based on singleton pregnancy of at least 37 weeks
gestation in the Perinatal register, data were
available on 350,171 births. Fig. 1 shows the
Figure 2 Spectral analysis of mean monthly birth weigh for males (upper panel) and females (lower panel). The
vertical reference bar is shown at 12 months.
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females separately. Apart from the within-year
seasonal fluctuations, the figure also shows a
secular increase in mean monthly birth weight over
the 13-year epoch. Spectral analysis confirmed the
most prominent periodicity for both males and
females occurred at exactly 12 months, however,
this effect was more pronounced for males (Fig. 2).
Fig. 3 shows the overall mean monthly birth
weight for persons. Mean monthly birth weights
was significantly different when compared by
month (F=2.37, df=11, p=0.01; heaviest in Octo-
ber at 3484 g, lightest in May at 3459 g), and by
season (F=6.55, df=3, p=0.001). When controlling
for sex and gestation, winter/spring births were
significantly heavier compared to summer/autumn
births (F=48.07, df=1,350,090, pb0.001). Using
half-yearly comparisons, the difference in birth
weight was 13 g for males (winter/spring
mean=3544 g, summer/autumn=3531 g), and 7 g
for females (winter/spring mean=3401 g, summer/
autumn=3394 g).
Based on the cohort with anthropometric mea-
sures, principal component analyses identified 3
main components. The variable loadings on these
components are shown in Table 1. The first
component loads positively for birth weight and
all measures and represents a general size compo-
nent (bsize factorQ). The second component has
positive loadings on upper arm, lower arm, thigh
and lower leg, and negative loadings on hip width
and the four skin-fold measures (blimb length
factorQ). The third component has positive loading
for the four skin-fold measures and negative
loading on the head measures (head circumference
and biparietal diameter). This factor, labelled
bhead size and skin-fold thickness factor,Q may
identify the relationship between less body fat
associated with preserved head size. The mean
monthly distribution of the three components is
shown in Fig. 4. Each of the three factors was
Figure 3 Overall mean monthly birth weight in grams for persons (n=350,171).
Table 1 Principal component analyses for birth
weight and other anthropometric measures (n=1233)
Measurement Factor 1 Factor 2 Factor 3
Birth weight (g) 0.93  0.04  0.15
Head circumference 0.71 0.00  0.40
Biparietal diameter 0.56  0.14  0.53
Neck—rump length 0.55 0.00  0.33
Shoulders width 0.70  0.23  0.29
Hips width 0.61  0.35  0.29
Upper arm length 0.56 0.64 0.03
Upper arm circumference 0.85  0.03 0.06
Lower arm length 0.42 0.77 0.15
Lower arm circumference 0.88  0.06 0.04
Chest circumference 0.82 0.01  0.08
Abdomen circumference 0.82 0.09 0.04
Thigh length 0.53 0.64 0.00
Thigh circumference 0.81  0.16 0.03
Lower leg length 0.39 0.77 0.12
Lower leg circumference 0.81  0.09 0.05
Skin-fold subscapular 0.66  0.33 0.46
Skin-fold abdominal 0.62 0.02 0.48
Skin-fold triceps 0.53  0.42 0.41
Skin-fold anterior thigh 0.66  0.46 0.32
Variance explained 9.55% 2.75% 1.51%
Factor 1 is a general size factor. Factor 2 includes limb length
and skin-fold thickness. Factor 3 includes head size and
reduced skin fold measures.
Seasonal fluctuations in birth weight and neonatal limb length 613Figure 4 Overall mean monthly scores for the three principal components.
Figure 5 Mean monthly values for limb length for males and females separately. The upper panel shows the within-
year variation for upper arm length (left panel) and lower arm length (right panel). The lower panel shows the within-
year distribution for thigh length (left panel) and lower leg length (right panel).
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and season (data not shown). The size and limb
length factors (but not the Head size and skin-fold
thickness factor) also differed significantly on the
winter/spring versus summer/autumn comparison
(data not shown). Remarkably, the mean monthly
values for each of the four limb measured displayed
a clear sine wave fluctuation for both males and
females (Fig. 5).
4. Discussion
There are regular seasonal fluctuations in both the
size and shape of babies born in south-east Queens-
land. Winter and spring born infants are slightly
heavier compared to summer and autumn born
infants (25-g difference between neonates born in
October versus May). This effect had a strong 12-
month periodicity. The findings are consistent with
the seasonal fluctuation in birth length described
by others [18], but extend these results by showing
subtle differences in the shape of the infants. In
addition to being heavier, infants born in winter
and spring in this study were found to have
disproportionately longer arms and longer legs
(but not longer trunks) compared to those born in
summer and autumn.
The principal component analysis identified
three patterns of shape and size, and each of these
were found to have monthly or seasonal variation.
The second factor (limb length factor, which
explained 2.75% of the variance) had the most
prominent seasonal fluctuations. Compared to
summer and autumn born infants, winter and spring
born infants are more dgracile,T with longer arms
and longer legs, narrower hips and reduced skin-
fold measurements (suggestive of lower body fat).
This seasonal change in the shape of the neonates is
in addition to the seasonal change in size—indeed
birth weight had a very small negative loading on
the second factor ( 0.04). The third factor iden-
tified an association between larger head size and
reduced skin-fold measures, perhaps relating to
dhead sparingT association with suboptimal fetal
nutrition [12].
The register-based study also confirmed a secu-
lar trend for heavier birth weight over time, as
found in many studies [18,27]. Curiously, the
amplitude and shape of the within-year fluctuation
show intradecadal variation. South-east Queens-
land has substantial intradecadal climate fluctua-
tions due to the southern oscillation index (El Nino)
[28]. Thus regardless of the biological mechanisms
underlying the findings of this study, the findings
suggest that large-scale climate factors influence
the dose and timing of the regular, within-year
seasonally fluctuating exposure.
5. The search for candidate
risk-modifying variables
The challenge for researchers involved in season-
ality research is to sift through the highly inter-
correlated maze of variables that have regular,
within-year variation. Ultimately, most of these
variables are down-stream consequences of biome-
teorological variables such as temperature, rainfall
and ultraviolet radiation. These variables (cold,
heat stress, dehydration, thermoregulation) can
impact directly on health status [29—31]. Winter is
associated with lower levels of ultraviolet radia-
tion, which is strongly associated with low levels of
vitamin D [32]. Like most animals, humans have
various biorhythms (mainly circadian and monthly
rather than circannual) [33]. Photoperiod is associ-
ated with diurnal fluctuations in various hormones
and melatonin [34]. Indirectly, seasonal fluctua-
tions can impact on health status via nutrition
(e.g., availability of seasonal food products like
fruit), energy expenditure (e.g., work load varies
across seasons in agrarian societies), and disease
exposures (e.g., respiratory viruses may be more
prevalent in winter, vectors for malaria have
seasonal breeding cycles) [35]. In addition to this
complex web of environmental changes, human
behaviour is modified in a transactional fashion
with the environment. For example, in cold sea-
sons, we tend to remain indoors, use internal
heating and wear more clothing. Thus, seasonal
changes in weather can result in a complex but
inter-correlated matrix of exposures. The task for
the researcher is to generate biologically-plausible
candidate risk-modifying factors (e.g., exactly
which nutritional or infective factor might be
implicated), rather than examine proxy markers
of exposures (e.g., month of year, temperature
etc.).
6. Does prenatal vitamin D alter fetal
development?
What seasonally fluctuating candidate exposures
could result in not only changes in the weight of
neonates, but also the length of their limbs? Murray
and colleagues have argued that exposure to cold
temperatures during mid-gestation reduce placen-
tal blood flow, and thus results in the lower birth
weights associated with late spring and in summer
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fluctuations in maternal diet or energy expenditure
could result in alterations in birth weight, but it is
less clear how this might explain the change in limb
length. Future studies should examine seasonal
fluctuations in maternal weight gain in order to
explore these factors. There is also evidence
suggesting that the maternal environment may
influence the dprogrammingT of the fetal supra-
chiasmatic nucleus, which is involved in the
generation of circadian rhythms [36,37]. Because
of the links between melatonin, growth hormone
and bone remodelling [38], these mechanisms
require further scrutiny.
Recent animal experiments have shown that low
prenatal vitamin D influences fetal growth. For
example, compared to control animals, the new
born offspring of normocalcaemic rats deprived of
vitamin D were significantly heavier and have
subtle changes in the shape of the brain [39]. Of
particular relevance to the association between
winter and spring birth and longer limbs, recent
studies in the guinea pig have linked low prenatal
vitamin D and growth plate hypertrophy [40]. This
experiment found expansion of the hypertrophic
chondrocyte area and an increase in the osteoid
surface and thickness in the growth plates of
fetuses from vitamin D deplete (but normocalcae-
mic) guinea pigs. The absence of vitamin D leads to
unchecked proliferation of the chrondrocytes,
which can then perturb the orderly trajectory of
skeletal growth. These changes occur in the
absence of rickets. Mindful that long bones deter-
mine limb length and that each long bone has two
growth plates (proximal and distal), we speculate
that the striking seasonal pattern of limb length
reflects the influence of fluctuating vitamin D
levels across the year on growth plate width. In
particular, this mechanism may differentially im-
pact on leg height rather than trunk height, as the
thigh and lower leg include four, large growth
plates.
The vitamin D3 system is unique in the sense that
its production depends primarily on the action of
sunlight on the skin [41]. Ultraviolet B radiation
acts on a cholesterol metabolite in the epidermis to
produce previtamin D. Hydroxylation in the liver (to
calcidiol) and then in the kidney creates the active
moiety, 1,25-dihydroxyvitamin D3 (calcitriol),
which is a seco-steroid hormone. Vitamin D pro-
duction is strongly and consistently associated with
the duration of the photoperiod, which in turn is
influenced by latitude and season [32,42]. A study
undertaken in south-east Queensland (the site of
the current study) found levels of 25 hydroxyvita-
min D3 had significant seasonal fluctuations (lowest
in winter/spring) and that 23.4% have insufficient
and 8% have deficient levels of 25 hydroxyvitamin
D3 (defined as less than 50 and 38.5 nmol/
l respectively) [43]. Of particular relevance to this
paper, fetal vitamin D requirements increase during
pregnancy (related to the increased need for fetal
calcium), thus maternal vitamin D levels tend to
fall during the third trimester, especially if this
occurs during winter [44].
Vitamin D operates predominantly via a nuclear
receptor (the vitamin D receptor, VDR). The VDR is
the smallest member the phylogenetically-con-
served superfamily of nuclear receptors that
includes receptors for ligands such as retinoic acid,
glucocorticoids, thyroid hormone and the sex
hormones [45]. Vitamin D has been shown to induce
the transcription of a large number of target genes
[46]. Of particular relevance to the potential for
vitamin D to modulate development, there are
several levels of interaction between vitamin D and
other known morphogens. For example, the VDR
regulates transcription by forming heterodimers
with other nuclear hormone receptors, most prin-
cipally with the retinoid X receptor (RXR), whose
cognate ligand is 11-trans retinol, a vitamin A
derivative [47]. VDR and the thyroid hormone
receptor (TXR) compete for RXR such that forma-
tion of the TXR-RXR heterodimer represses gene
transcription by VDR by sequestering RXR [48].
Based on its effects on many different cell types, it
is now known that vitamin D has potent anti-
proliferative properties. The presence of vitamin
D dampens proliferation and induces cells to exit
the cell cycle via differentiation and, in certain
circumstances, induces apoptosis [49,50].
7. Implications for population health
While the effects at the individual level are very
small, at a population level, the seasonally fluctu-
ating exposures responsible for changes in neonatal
size and shape have important implications for
health and development. As detailed above, heavi-
er birth weights are associated with increased
intelligence [2]. While the current study cannot
comment on whether or not the seasonal changes in
size and shape persist into adult, other studies have
reported an association between season of birth
and adult height [19,51]. While there is evidence
that increased adult height is associated with a
decreased risk of cardiorespiratory disease [52],
the health outcomes are not always beneficial. For
example, taller individuals have an increased risk
of cancer (20—60% increased risk for a range of
cancers) [53]. Many studies have shown that it is leg
J.J. McGrath et al. 616length rather than truncal height that acts as a
dbiomarkerT of risk [54].
This study reports, for the first time, that limb
length is influenced by exposures that have regular,
seasonal fluctuations. Regardless of the nature of
the risk factors that underlie this finding, the fact
that shape and size has seasonal fluctuations in this
sample invites researchers to generate candidate
exposures for further analytic epidemiological
studies. In particular, we propose that low prenatal
vitamin D is a plausible candidate exposure. Future
studies should examine the association between
maternal vitamin D status and infant shape and
size, and, by extension, if low prenatal vitamin D
also influences adult health status [55].
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